Peroxidases have wide applications in different areas including chemical synthesis, medicine, food industry, bioremediation of wastewater, biosensing, and biotechnology. Amorphophallus paeoniifolius (elephant foot yam) is an attractive source of enzymes; however, no effort has been made to assess peroxidase enzyme from this source. Therefore, the objectives of this study were to evaluate and compare peroxidases from corms of elephant foot yam and roots of Dacus carota (carrot) and Aramoracia rusticana (horseradish). Elephant foot yam corm peroxidase (ECP) demonstrated 4.5 times higher specific activity compared with carrot root peroxidase (CRP). ECP showed retention of high activity over a broad pH range and had higher temperature optima and thermal stability compared with CRP and horseradish peroxidase (HRP). The calculated K M values of ECP, CRP, and HRP for the substrates guaiacol and hydrogen peroxide were 4.5 mM and 307.8 µM, 4.6 mM and 55.5 µM, and 3.5 mM and 413.0 µM, respectively. Peroxidases are used for the bioremediation of wastewater contaminated with hazardous aromatic compounds. Heavy metals such as cadmium (Cd 2+ ), lead (Pb 2+ ), and toxic compounds such as sodium azide (NaN 3 ) are often present in wastewater along with aromatic compounds. Results showed activation of ECP and inhibition of HRP at 250 and 500 µM concentrations of Cd 2+ and Pb
Introduction
Peroxidases (E.C.I.II.I.7) are present ubiquitously in the plant kingdom. They have the ability to catalyse the oxidation of a wide variety of phenolic compounds and therefore have broad applications in many areas including chemical synthesis, diagnostic, medicine, pulp, and paper industries, food industry, and bioremediation of wastewater. [1, 2] Peroxidases are used in the treatment of wastewater contaminated with aromatic compounds including phenols, cresols, and chlorinated phenols due to various sources, including petroleum refining, wood preservation, metal coating, dyes and other chemicals, textiles, mining, and dressing [3, 4] . For the commercial production of peroxidase, horseradish (Aramoracia rusticana) roots are used as a traditional source. Commercially available horseradish peroxidase (HRP) accessibility and cost restrict its application. Therefore, stable, active, and less-expensive peroxidases from sources other than horseradish are required.
Many studies have been carried out in the search for an alternative source of peroxidase, which has higher availability, activity, and stability. These include white cabbage, [5] sweet gourd, [6] oil palm leaf, [7] sweet potato tubers, [8] turnip, [9, 10] melon, [11] cabbage, [12] Brussels sprout, [13] okra, [14] , oranges, [15] tea leaves, [16] pepper fruits, [17] carrot roots, [18] tobacco, [19] tomato, [20] green asparagus, [21] strawberry, [22] etc. Spring cabbage peroxidase was reported to be a useful tool in biocatalysis and bioelectrocatalysis. [23] Microbes are the potential source of peroxidase enzyme and a number of such reports are available in the literature, but the production in a stirred tank fermenter is not suitable as these microbes are known to be susceptible to shear stress. [24] Research is still going on to find novel peroxidases of high stability and properties suitable for various biotechnological, biomedical, and other applications.
Short growing period, drought resistance, large corm size, and storability for longer period after harvesting make elephant foot yam an attractive candidate source of peroxidase. Moreover, it is less expensive and easily grown in tropical and subtropical countries. To the best of our knowledge, there is no report available regarding the assessment and characterization of peroxidase from elephant foot yam. Therefore, this study was carried out to evaluate and compare elephant foot yam corm peroxidase (ECP), carrot peroxidase (CRP), and HRP. Enzymatic properties such as kinetic parameters (K M and Vmax) and the effects of pH, temperature, and possible inhibitors (Cd 2+ , Pb
2+
, and NaN 3 ) on the activities of ECP, CP, and HRP were studied. The main purpose of this study was to find out if elephant foot yam could be used as a convenient and rich source of peroxidase.
Materials and methods
Elephant foot yam corm and carrot roots were purchased from the local market. HRP was obtained from Sigma. All other chemicals and solvents used were of analytical grade (Hi-media or Sigma).
Enzyme extraction
For the preparation of crude enzyme extract, fresh samples (5 g) were chopped into small pieces and homogenized in 5 ml of 50 mM potassium phosphate buffer (pH 7.0) containing 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1% polyvinylpyrrolidone (PVP) under chilled condition. Homogenates were centrifuged at 13,500 rpm for 20 min at 4°C and the supernatant was collected.
Peroxidase activity assay
The assay mixture consisted of a total volume of 3 ml 50 mM potassium phosphate buffer (pH 7.0) containing 2 mM H 2 O 2 and 5 mM guaiacol as substrates. [25] The crude enzyme was added just before the measurement. The changes in absorbance were recorded every 30 s for 2 min in a spectrophotometer at 470 nm for tetraguaiacol formation by enzymatic reaction, using a Thermo Scientific 10S UV-Vis spectrophotometer. Enzyme activity was expressed as μmol or nmol H 2 O 2 reduced min −1 mg −1 protein.
Protein determination
Total soluble protein was quantified according to the Bradford method [26] using bovine serum albumin as standard.
Effect of pH and temperature on enzyme activity
The pH optimum was determined by measuring the activity of the enzyme in the pH range 3.0-8.0 using buffer prepared with H 3 PO 4 /KH 2 PO 4 /K 2 HPO 4 . The temperature optimum was determined by measuring the activity of the peroxidase in the temperature range 30°C-90°C at fixed pH 7.0. At each temperature, the enzyme was incubated in a water bath for 15, 30, 45, and 60 min and the activity was taken to measure its stability at a particular temperature.
Steady-state enzyme kinetics
The steady-state kinetics of the enzyme was studied for ECP, CRP, and HRP using guaiacol and H 2 , and NaN 3 on peroxidase activity
The constituents of the assay mixture were the same as earlier and in addition contained increasing concentrations of CdCl 2 (0, 250, and 500 μM), Pb(NO 3 ) 2 (0, 250, and 500 μM), and NaN 3 (0, 1, 5, and 10 mM). The mixture of enzyme and inhibitor was incubated at room temperature for 10 min and the enzyme activity was assayed.
Results and discussion
HRP is used extensively in industries; however, its availability and high cost confine its application. Therefore, alternative peroxidases with commercially viable properties such as low cost, high stability, and activity are required. Elephant foot yam is an attractive candidate source of enzymes; however, no effort has been made to assess peroxidase from it. In this study, we evaluated and compared peroxidases from the corm of elephant foot yam and roots of carrot and horseradish. In our study, ECP (289.7 nmol min −1 mg −1 protein) showed 4.5 times higher specific activity than CRP (64.8 nmol min −1 mg −1 protein) at neutral pH. One of the determining factors in the expression of enzymatic activity is pH, which alters the ionization states of amino acid side chains or substrate. Therefore, enzymes with high activity over a broad pH range are desirable for industrial applications. The effect of pH on the activities of ECP, CRP, and HRP are displayed in Fig. 1(A-C) . Both, HRP and ECP had pH optima around 6.0 and retained high activities over a broad pH range (Fig. 1A and B) . In contrast, CRP had a sharp peak in its pH-activity curve at pH 6.5 (Fig. 1c) . Similar to ECP and HRP, peroxidase from Brassica olerace [27] also showed pH optima at 6.0 and retained high activity over a broad pH range. Peroxidases from Brassica vulgaris and Citrus medica, however, showed a sharp peak at 6.0 in their pH-activity curve. [28, 29] Retention of high activity over a broad pH range indicates that ECP can be used effectively for various industrial applications.
Peroxidase is one of the most thermostable enzymes in plants. The temperature-activity profiles of ECP, CP, and HRP are depicted in Fig. 1(D-F) . ECP, CP, and HRP showed the highest activities at 60°C, 50°C, and 40°C, respectively. The temperature optima reported for the peroxidases from B. vulgaris, [28] B. olerace, [27] and C. medica [29] are 60°C, 35°C-40°C, and 50°C, respectively. The ECP was more thermostable than HRP and CRP and retained a significantly higher fraction of catalytic activity even at 70°C. Thermostable enzymes offer major advantages due to their ability to withstand elevated temperatures during industrial processing and possibilities for prolonged storage at room temperature.
All three peroxidases followed the Michaelis-Menton kinetics and showed first-order reaction kinetics for substrates H 2 O 2 and guaiacol ( Fig. 2(A-F) ). The K M and Vmax values were calculated for these peroxidases using the Lineweaver-Burk plot. Double-reciprocal plots for ECP, CRP, and HRP with guaiacol as the variable substrate are shown in Fig. 2(A-C) . K M indicates affinity between the enzyme and the substrate and is therefore an important kinetic parameter for industrial applications. The calculated K M values of ECP, CRP, and HRP for guaiacol and hydrogen peroxide were 4.5 mM and 307.8 µM, 4.6 mM and 55.5 µM, and 3.5 mM and 413.0 µM, respectively. The reported K M values with respect to guaiacol and hydrogen peroxide for peroxidase extracted from citron (8 mM and 1800 µM), sweet corn (11 mM and 2850 µM), waxy corn (23 mM and 330 µM), garlic bulb (9.5 mM and 2000 µM), and eggplant (6.5 mM and 330 μM) were higher than ECP. [29] [30] [31] [32] The Vmax values of ECP for guaiacol and hydrogen peroxide (24 and 10 nmol min −1 mg −1 protein, respectively) were around 4.5 times higher than CRP (5.2 and 2.7 nmol min −1 mg −1 protein, respectively). Peroxidases have application in the bioremediation of wastewater contaminated with hazardous aromatic compounds. Heavy metals such as Cd 2+ , Pb 2+ and toxic compounds such as NaN 3 , generally present in wastewater along with aromatic compounds have the capability to inhibit peroxidases. Therefore, the effects of increasing concentrations of Cd 2+ and Pb 2+ and NaN 3 on the activities of ECP, CRP, and HRP were studied. Cd 2+ treatments of 250 and 500 µM led to enhanced ECP and CRP activities but decreased HRP activity (Fig. 3A-C) . Pb 2+ treatment (250 and 500 µM) also led to increased ECP activity but decreased CP and HRP activities (Fig. 3A-C) . Activation as well as inhibition of peroxidases due to transition metals has been reported previously. [33] [34] [35] Citurs reticulate peroxidase activity was slightly increased after 1 h of . [36] Coordination of metal ions to active-site residues can lead to the activation of enzymes; however, such coordination may block substrate interaction, causing inhibition. [37] In general, metal ions at low concentrations activate enzyme whereas at higher concentrations, they inhibit enzyme activity. Our results suggested that the concentrations of metal required to activate or inhibit peroxidases depend on both the type of metal and the source of peroxidase. ECP activity showed 89.6% and 26.3% increase after 10 min incubation with 500 µM Cd 2+ and Pb 2+, respectively. Mahmoudi et al. [38] showed that incubation of the enzyme with the metal ion at activating concentration leads to the long-term functional stability of peroxidase. The effects of increasing concentrations of NaN 3 on ECP, CP, and HRP are shown in Fig. 3(D-F) . NaN 3 concentrations of 1 mM led to 8.4%, 55.5%, and 11% inhibition in the activities of ECP, CRP, and HRP, respectively. Peroxidase from jatropha leaves showed 36.9%, 95.7%, and 98.8% inhibition after 2 h incubation with 1, 5, and 10 mM NaN 3 , respectively. [39] The decrease in the relative peroxidase activity of 26.6% and 40.0% was reported after incubation with 2 mM NaN 3 for 1 h in C. medica and B. vulgaris, respectively. These results suggested that ECP could be efficiently used in the remediation of wastewater contaminated with aromatic compounds along with Cd 2+ , Pb 2+ , and NaN 3 .
Conclusion
Elephant foot yam is relatively a less-expensive vegetable that is widely grown in tropical as well subtropical countries. ECP showed high activity over a broad pH range and was more thermally stable than CRP and HRP. It showed high affinity for guaiacol as well as hydrogen peroxide. The investigation also demonstrated the activation of ECP and the inhibition of HRP by 250 and 500 μM concentrations of Cd 2+ and Pb
2+
, respectively. Overall, our results suggested that elephant foot yam corm can serve as an alternative rich and convenient source of peroxidase for wide applications including wastewater remediation. 
